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The Physiologic Mechanisms of Cardiac and Vascular Physical Signs
JOSEPH K. PERLOFF, MD, FACC
Los Angeles. California
Examination of the heart and circulation includes five
items: 1) the patient's physical appearance, 2) the ar-
terial pulse, 3) the jugular venous pulse and peripheral
veins, 4) the movements of the heart-observation, pal-
pation and percussion of the precordium, and 5) aus-
cultation. This report deals with specific examples that
I shall begin by acknowledging three debts. The first is to
the late Paul Wood and his staff at the Institute of Car-
diology , London, where my under standing of the physio-
logic meaning of cardiac and vascular physical signs began.
The second debt is to the Fulbright Foundation and the
Institute for International Education for making my year in
England possible. The third debt is to the National Institutes
of Health for providing my first research grant , which sup-
ported the continuation of these studies in the United States.
That grant was approved exactl y 25 years ago , the year
during which the first issue of the official journal of the
American College of Cardiology was published.
Examination of the heart and circulation focuses on five
items: I) the patient's physical appearance, 2) the arterial
pulse , 3) the jugular venous pulse and peripheral veins, 4)
the movements of the heart-observation , palpation and
percu ssion of the precordium, and 5) auscultation (I). The
chain of events that has culminated in our present under-
standing of the physiologic mechanisms of the physical signs
began with bedside observations by a host of brilliant cli-
nicians; their descriptions of speci fic signs stand today as
models of clarity. Then followed the graphic record that
allowed more refined analysis of the arterial pulse, the jug-
ular venous pulse , precordial movement and heart sounds
and murmurs. The next major step , the cardiac catheter.
permitted hemodynamic, angio graphic and intracardiac
phonocardiographic observations not previousl y possible .
Echocard iograph y . the most recent advance in this exciting
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relate cardiac and vascular physical signs to their mech-
anisms, focusing on each of the five sources. It draws
liberally on early accounts, emphasizing that modern
investigative techniques often serve chiefly to verify hy-
potheses posed in the past.
chain of events , has provided answers to many of the re-
maining questions (2 ,3) .
Let us now tum to specific examples that relate cardiac
and vascular physical signs to their mechanisms, focusin g
on each of the five sources mentioned. In so doing, certain
illustrative examples will be selected. No attempt will be
made to be comprehensive.
The Physical Appearance
Cyanosis and clubbing of the digit s serve as useful points
of departure . Differential cyanosis and clubbing exist when
these signs are present in the feet but not in the hands, and
reflect a right to left shunt through a patent ductus arteriosus
with intact ventricular septum (4) . The physiologic mech-
anism requires that pulmonary vascular resistance exceed
systemic resistance so that unoxygenated blood from the pul-
monary trunk flows through the ductus into the aorta j ust
distal to the left subclavian artery (Fig. I); the toes are
cyanosed and clubbed selectively. In another form of dif-
ferential cyanosis-designated by convention " reversed
differential cyano sis" - the opposite is true . The toes are
less cyanotic and clubbed than the fingers (4). This dis-
tinctive physical appearance also has a relatively precise
pathoph ysiologic basis-the aorta is right ventricular in or-
igin (cyanotic hands), while the pulmonary trunk is either
right ventricular or biventricular in origin , arising just above
a ventricular septal defect so that oxygenated blood from
the left ventricle enters the pulmonary trunk . In the presence
of high pulmonary vascular resistance. this oxygenated blood
flows through a patent ductu s arteriosus into the descending
aorta and to the lower limbs (relatively acyanotic feet) (4).
Thus. sophisticated diagnoses are based on nothing more
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than comparison of the physical appearances of upper and
lower limbs.
The Arterial Pulse
Analysis of waveform. This is one of the most im-
portant aspects of the examination of the arterial pulse. In
severe valvular aortic stenosis (Fig. 2), the arterial pulse is
diminished (small) with a slow ascending limb (parvus),
but in addition, the peak is ill defined and late (tardus) (5).
Mackenzie (6) understood the physiologic mechanism, writ-
ing, "When there is marked narrowing of the aortic orifice,
the full effect of the ventricular systole upon the arterial
column is not at once developed, as the aortic stenosis offers
an increased resistance. Hence, the impact of the pulse wave
on the finger is not sudden, but feels to push against the
finger in a somewhat leisurely fashion. The tracing in such
a case represents a slanting of the stroke with an interruption
near the top-an anacrotic-pulse tracing."
Characteristics of arterial pulse. A strong arterial pulse
occurs either with or without increased pulse pressure, the
latter epitomized by the visible Corrigan's pulse of chronic
free aortic regurgitation (7). An increasedarterialpulse (strong,
hyperkinetic) with normal pulse pressure is a feature of
chronic severe mitral regurgitation, for example (small water-
hammer pulse) because the left ventricle ejects at a high
velocity while the diastolic pressure in the aortic root re-
mains normal (8). Similarly, high velocity left ventricular
ejection accounts for the brisk arterial pulse with normal
pulse pressure in hypertrophic obstructive cardiomyopathy.
Pulsus bigeminus and alternans. Ludwig Traube (1872)
Figure 1. (a) Schematic illustration of the mechanism of differential cy-
anosis and clubbing. Unoxygenated blood from the pulmonary trunk (PT)
flows through the patent ductus arteriosus (PDA) and enters the aorta (Ao)
distal to the left subclavian artery (LSA). (b) A catheter takes this course
in a 13 year old girl with reversed flow through a large ductus. Desc Ao
= descending aorta.
(I) drew a careful distinction between pulsus bigeminus and
pulsus altemans, the latter a term that Traube introduced.
He wrote, "The following case...demonstrates a variation
of the pulsus bigerninus: I designated it the name of 'pulsus
altemans'. . . .It involves a succession of high and low
pulses, in such a manner that a low pulse regularly
follows a high pulse.... " Traube's report included a pho-
tograph of typical beat to beat alternans recorded with Mar-
ey's sphygmograph applied to the radial artery. The mech-
anism of pulsus bigeminus is clear enough (simple fixed
coupling as in digitalis toxicity). Pulsus alternans is one
reflection of depressed left ventricular function, but the pre-
cise mechanism of the beat to beat alternation in rate of rise
and peak pressure remains elusive.
Differential pulsations. With regard to differential pul-
sations, coarctation of the aorta epitomizes the relation be-
tween simple physical signs and their anatomic and phys-
iologic mechanisms (4). Important variations in the anatomic
location of the coarctation can be inferred from bedside
analysis of the arterial pulse. Equal and brisk brachial and
carotid pulses with absent or diminished femoral pulses
place the coarctation distal to the left subclavian artery.
When right and left brachial arterial pulses are compared,
an absent or relatively small left brachial pulse means that
the coarctation compromises the orifice of the left subclavian
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Figure 2. (a) Apexeardiogram showing mid-dia-
stolic and presystolic distension (arrows) of the
left ventricle in a patient with valvular aortic ste-
nosis and heart failure. (b) Left ventricular (LV)
pressure pulse with identical configuration (ar-
rows ). The brachial artery pulse (BA) shows the
typical slow rate of rise and sustained peak of
severe aortic stenosis .
artery . Absence or diminution of the right brachial pulse
implies anomalous origin of the right subclavian artery distal
to the coarctation . In supravalvular aortic stenosis , differ-
ential pulsations take the form of an increase in pulse pres-
sure and rate of rise of right brachial and carotid pulses.
The zone of supravalvular stenosis directs a high velocity
jet into the innominate artery, disproportionately increasing
the systolic pressure in the right carotid and subclavian
arteries (4,5). In addition, the Coanda effect (affinity of a
jet stream to adhere to a wall) carries the high velocity jet
into the orifice of the innominate artery (4) .
The Jugular Venous Pulse
Giant A waves. In 1867, Potain not only accurately
described the normal waveform of the internal jugular vein,
but also understood most, if not all, of the physiologic
mechanism responsible for its genesi s. Observations of ab-
normal waveforms of the right internal jugular vein permit
relatively precise anatomic and physiologic inferences . In
describing a giant A wave (Fig . 3), Paul Wood (9 , 10) wrote ,
" It leaps to the eye, towering above and dwarfing the other
waves of the venous pulse . . . . " Giant A waves are gen-
erated when the right atrium contracts against an appreciable
resistance at one of two levels-an obstructed tricuspid ori-
fice (stenosis) (II) or within the cavity of the thick-walled
hypertensive right ventricle of severe pulmonary stenosis or
pulmonary hypertension with intact ventricular septum (12) .
Giant V waves. Large , even giant V waves occur with
either a rapid Y descent (diastolic collapse of the venous
pulse) or with a slow Y descent. In dealing with the former,
it is little wonder that Mackenzie (6) remarked, "One con-
stantly finds clinical evidence of the ready occurrence of
tricuspid incompetence in the study of the venous pulse."
A tall V wave with a rapid Y descent implies that the
tricuspid orifice is unobstructed . Conversely , a tall V wave
with an inappropriately slow, gentle Y descent is a feature
of obstruction at the tricuspid orifice, typically rheumatic
tricuspid stenosis with atrial fibrillation (10) . Despite a tall
V crest , the Y descent is slow because the stenotic tricuspid
orifice puts an effective break on the rate of right ventricular
filling in the presence of a high right atrial pressure .
Constrictive pericarditis. The jugular venous pulse in
constrictive pericarditis is distinctive, and its mechanism is
clear (13). The A and V waves are high and equal yet
inconspicious because the marked elevation of mean right
atrial pressure puts the crests above the angle of the jaw
(Fig. 4). Accordingly, the venous pulse is recognized chiefly,
if not exclu sively, by brisk X and Y descent s. The rapid Y
descent is the more consistent feature (Fig. 4), to which
the term "diastolic collapse" was originally applied by
Friedreich (1). Rapid mid-diastolic decompression across
an unobstructed tricuspid valve accounts for this . A rapid
X descent is a less consistent feature (Fig. 4) but is some-
times prominent when the fixed right ventricular apex causes
an exaggerated systol ic descent of the floor of the right
atrium.
Cardiac arrhythmias. "I had been endeavoring to dis-
criminate between the different forms of irregular heart ac-
tion , when it occurred to me to employ the jugular pulse as
an aid . By this means I was able to separate the great
majority of irregularities into definite groups, according to
the mechani sm of their production . . . . " (6) In diagnosing
cardiac arrhythmias, Marriott's advice (14), "cherchez Ie
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P." can be applied with slight modification to the jugular
venous pulse. "cherchez Ie A." Electrocardiographic anal-
ysis of complex arrhythmias require s identification of atrial
and ventricular activity and their relation to each other. The
A and V waves of the jugular venous pulse also provide the
Figure 3. Right internal jugular venous pulse recordings obtained (a) in
a modem laboratory in a patient with rheumatic tricuspid stenosis. (b)
recorded by Mackenzie ( I) in 1902 in a patient with tricuspid stenosis.
The giant A wave is apparent.
clinician with this opportunity. Arrhythmias that can be
recognized in the jugular pulse include sinus bradycardia.
sinus arrhythmia. ectopic or premature beats (atrial. junc-
tional or ventricular). ectopic tachycardias or ectopic rhythms
(atrial. jun ctional. ventricular) and loss of coordinated atrial
activity (atrial fibrillation ) (l ).
A f ew examples suffice . In junctional or ventricular pre-
mature beats. cannon waves are the rule . becau se right atrial
systole finds the tricuspid valve closed by the premature
beat. Ventricular and atrial premature beats can therefore
be distinguished , with few exception s. by the presence or
absence of intermittent cannon waves . Because a single
junctional premature beat with retrograde atrial activation
causes a single cannon wave (synchronous right atrial and
right ventricular contraction) (Fig. 5), it follows that a sus-
tained junctional rhythm from the same focus results in
Figure 4. (a) Right atrial (RA) pressure pulse recorded in a modem lab-
oratory in a patient with constrictive pericarditis. (b) Right internal jugular
venous pulse recorded by Mackenzie (6) in 1902 in a similar patient.
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Figure 5. (a) Single junctional beat (a r row) producing
a single cannon wave in the jugular venous pulse (JVP)
as the right atrium contracts against a closed tricuspid
valve. The P wave follows the QRS complex. (b) Junc-
tional rhythm resulting in cannon waves with every beat.
persistent cann on waves with each beat (Fig . 5). Ventricular
tachycardia produces a fundamentally different jugular ve-
nous pulse becau se , as a rule, coordinated atrial activity is
present but independent of ventricular activity (atrioven-
tricular dissociation ). The result is a regular tachycardia
occurring with slower independent A waves and intermittent
cannon wave s.
Conduction defects. Conduction defects also are re-
vealed in the jugular pulse . The interval between the A wave
and the carotid pulse provides an estimate of the PR interval,
with the practi ced eye able to recognize normal , prolon ged
or short AC (and therefore PR) intervals. Wenckebach pe-
riods can be identified by the gradual lengthen ing of the AC
interval ending with an A wave that is not followed by a
carotid pulse. In 1846 , William Stokes (15), describing the
jugular pulse in complete heart block, wrote , " About every
third pulsation is very strong and sudden and may be seen
at a distance ; the remaining waves are much less distinct ,
and some very minor one s can also be perceived . The ap-
pearanc e of this patient ' s neck is very singular and the
pulsation of veins is of a kind which we have never before
witnessed." Thi s jugular pulse reflect s coordinated atrial
activity that is more rapid than and dissociated from ven-
tricular activity arising from a slow, regular idioventricular
focus. When right atri al contraction fortu itously coincides
with right ventricular systol e (and a closed tricuspid valve),
intermittent cannon waves occur as Stokes described.
The Movements of the Heart
Harvey (16) wrote, " the heart is erected , and rises upward
to a point , so that at this time it strike s against the breast
and the pulse is felt extern ally: " Almost three centu ries
elapsed between Harvey' s statement and Mackenzie ' s study
of the movements of the heart (6) , a landm ark in our un-
derstanding of cardiac motion imparted to the thorax.
Normal precordial impulse. At birth , the compara-
tively thick -walled right ventricle is responsible for normal
precordial movement palpated at the mid to lower left sternal
edge and in the subxiphoid region. With normal growth and
devel opment , the left ventricle gains weight much more
rapidl y than the right , so that in older children and adults,
the norm al precordial impulse is left ventricular (l) (Fig.
6). During ventricular systole, the apical left ventricle ro-
tates to the right and upward , making contact with the chest
wall , while the anterior right ventricle draws away from the
precordium (retraction). The interventricular sulcus sepa-
rates these two movements ( I) (Fig. 6). These obse rvations
are not new. Mackenzie ' s descripti on (6) still holds: "With
the onset of ventricular systole , a grea t change takes place
in the position of the left ventricle . The muscle hardens and
contracts upon its contents, and at the same time the heart
twists round , so that the hardened apex projects forw ard ,
pressing again st the chest wall . . . ."
Abnormal left ventricular impulse. A left ventricular
impulse that is norm al in location but prolonged in durat ion
(sustained) is typical of pressure hypertrophy (discrete aort ic
stenosis, systemic hyperten sion) with increased wall thick-
ness but normal intern al dimensions. A left ventricular sys-
tolic impulse characterized by reduced velocity and ampli-
tude is caused by the enlarged hypokinetic chamber of dilated
cardiomyopathy or left ventricular failure with ischemic heart
disease . Conversely, a laterally displ aced left ventricular
impul se that exhibits increased velocit y, amplitude and area
but relat ively little increase in durat ion is typical of the
chronic volume overload of aortic regurgitation with in-
creased left ventricular internal dimensions and hyperdy-
namic contraction. An ectopic impul se , that is. systolic
movement at a site not occupied by a left ventricular impulse
in health or disease , results , as a rule, from regional wall
abnormalities (dyskinesia) usually presenting above and me-
dial to the locat ion of a normal left ventricular impul se .
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Abnormal right ventricular impulse. Mackenzie (6)
clarified the mechanism of the subxiphoid right ventricular
movement , noting that with right ventricular hypertrophy,
" the shock of the heart ' s action is greater at the bottom of
the sternum . . . ." Mackenzie (6) went on to report , " At
the postmortem examination a needle pushed through the
epigastrium at the place where the tracing was obtained,
was found to have penetrated the right ventricle," thus
identifying the mechanism of the impulse during life . In
assessing the right ventricular impulse at the left sternal
edge. intrin sically abnormal movement must be distin-
guished from movement imparted to an otherwise normal
right ventricle displaced anteriorly during ventricular sys-
tole . Such movement occurs in patients with mitral regur-
gitation when systolic expansion of a dilated left atrium
moves the heart forward , posterior movement being pre-
vented by the vertebral column (Fig .7) (17). Dyskineti c
motion of the ventricular septum dur ing angina pectoris
displaces the right ventricle forward and results in a transient
left parasternal impulse that disappears promptl y with relief
of angina.
As the right ventricle increases its contact with the chest
wall , normal left para sternal retraction is replaced by pos-
itive (anterior) systolic movement with lateral retraction in
the region of the interventricular sulcus. The most dramatic
right ventricular impulse is in response to marked , chron ic
volume overload when a large stroke volume is ejected
rapidly against a comp aratively low resistance. as in ostium
secundum atrial septal defect with large left to right shunt
and norm al pulmonary artery pressure (4) .
Diastolic ventricular impulse. Passive filling of the left
and right ventricles occurs in mid-diastole as atrial pressure
Figure 6. (a) Anterior view of heart as it would be in situ. The left ventricle
(LV) occupies the apex and is separated from the anterior and inferior right
ventricle (RV) by the interventricular sulcus (ar row) . (b) Opened heart in
same position. During ventricular systole. the left ventricle (LV) moves
forward to contact the chest wall while the right ventricle (RV) retracts
from the thorax beginning at the interventricular sulcus. VS = ventricular
septum. (Reprinted froin Perloff K [ I), with permissioh of the publisher
and with permiss ion from Anderson RH. Becker AE. Cardiac Anatomy.
London: Gowe r Medical. 1980.)
increases sufficiently to open the mitral and tricuspid valves .
Abnormally rapid atrioventricular flow, an abnormal recip-
ient chamber or a combination of both serves to impart to
the relevant ventricle a brief. dist inct diastolic movement
that can be seen and felt (Fig . 2). The auscultatory coun-
terpart of this movement is an abnormal third heart sound
(see later). In constrictive pericarditis, the movement is
exaggerated because of rapid early diastolic flow into re-
stricted ventricles (left and right) . coinciding with early
diastol ic dips in the ventricular pressure pulses .
Active fillin g of the ventricles (atrial transport ) occurs
in late diastole. When the atrial contr ibution to ventricular
filling is increased. as in aortic stenosis (Fig . 2) or systemic
hypertension in the left heart chambers or pulmon ary ste-
nosis or pulmonary hypertension in the right heart chambers,
the velocity and amplitude of presystolic movement increase
to the point that perm its clinical detection by palpation or
observation.
Macken zie (6) was aware of the distension of the ven-
tricle by " the auricul ar systole. " In Wood 's observations
on " Pulmonary Stenosis with Normal Aortic Root " (9, 10),
he concluded that the giant A wave and right ventricular
presystolic distension were "probably an example of Star-
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Figure 7. Lateral chest X-ray film from a patient with chronic severe
mitral regurgitation . The large left atrium (LA) (ar ro wheads) is arrested
in its posterior excursion by the rigid vertebral column. The heart is there-
fore displaced forward (ar row) so that the right ventricle (RY) lies against
the anterior chest wall. Systolic expansion of the left atrium results in a
delayed right ventricular systo lic movement at the mid to lower left sternal
edge and in the subxiphoid region.
ling' s law of the heart, strong atrial systole augmenting late
diastolic distension of the right vent ricle so that that chamber
contracts more forcibly." Wood understood that atrial con-
traction acted as an effective booster pump. enhancing ven-
tricular filling in presystole so that stroke volume could be
maintained .
Aortic impulse. The ascending aorta may be border-
form ing at the right thoracic inlet, but becomes palpable
only when abnormal in size or position . It is size that ac-
counts for the systolic impul se in the seco nd (or first and
second) right intercostal space caused by the dilated aortic
root of dissecting aneurys m or Marfan 's syndrome. An ab-
norm ality of both size and position is represented by the
systolic impul se in the first right intercostal space or ster-
noclavicular junction of an enlarged right aortic arch in
seve re tetralogy of Fallot or pulmonary atres ia with ven-
tricular septal defect.
Pulmonary artery impulse. The pulmonary trunk (main
pulmonary artery) is border-form ing in the second left in-
terspace . In patients with normal body build and thoracic
configuration, the mechanism of an impulse in the second
left interspace is dilatation of the pulmonary trunk (idio-
path ic , pulmonary hypertensive), especially when the di-
latation is accompanied by an increase in pulsatile exc ur-
sion, as in ostium secundum atrial septal defect.
Palpable heart sounds. Low frequency heart sounds are
palpabl e because of discrete precord ial movements that ac-
company them (see earli er). Higher frequency sounds are
palpabl e because of their intensity. and not becau se they
impart movement to the chest wall. For example , the pul-
monary component of the seco nd heart sound is character-
istically palpable in the seco nd left interspace in patients
with pulm onary hypertension ( 12.18) . Pulmonary ejection
sounds are generally palpabl e only in the second left inter-
costal space , and are sometimes characteristically sensed
during normal expiration, dim inishing or vanishing alto-
gether during normal inspiration (see Auscultation [below1
for the physiologic mechanism).
Auscultation
First Heart Sound
Direct auscultation was followed by the Laennec stetho-
scope. the binaural stethosco pe. the chest wall phonocar-
diogram , the intracardiac phonocardiogram and hemody-
namic and , more recentl y, echoca rdiographic reference trac-
ings (2.3). Each in its turn contributed materially to our
understanding of the mechanisms of heart sounds and mur-
murs. Interestingly, there is still less than a consensus on
the orig ins of the two major audible components of the first
heart sound.
There is general agreement That the first major compo-
nent is mitral , but what of the second component? In ad-
dition to and apart from laboratory data , a number of "ex-
periments of nature" shed light on this question. supporting
mitral and tricuspid origins. Complete right bundle branch
block or a left ventricular prem ature beat results in wide
splitting of the first heart sound, the late second component
of which is due to delay ed tricuspid valve closure, since
aortic valve opening is not delayed . Conversely, the first
heart sound is typically single in complete left bundle branch
block or with a right ventricu lar paced or premature beat .
since mitral and tricuspid co mponents fuse owing to delay
in mitral valve closure; the aortic valve opens late . but the
late opening must be inaud ible because the first heart sound
is single. Furthermore. in tricuspid valve atresia, the first
heart sound is characteristically single despite a well formed
aorta and aortic valve (tricuspid component is absent by
defin ition). Conversely, in mitral and aortic atresia. the first
heart sound is consistently single (tricuspid component) in
the presence of atretic mitral and aortic valves that can
neither open nor close and can produce no sound.
Systolic Sound
Early systolic sound. The most common early systolic
sound is an ejection sound-aortic or pulmonary (19). The
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timing of these sounds coincides with the arrival of the
relevant semilunar valve at its fully opened position in the
presence of congenital valvular aortic stenosis , bicuspid aor-
tic valve or dilated aorti c root in the left side of the heart ,
or valvular pulmonary stenosis or a dilated pulmonary trunk
in the right heart (I). Pulmonary ejection sounds often se-
lectively decrease in inten sity during normal inspiration .
The mechanism responsible for this respiratory variation is
not entirely clear, but studi es of valvular pulmonary stenosis
contribute some understanding (20). An inspirato ry increase
in right atrial contraction is transmitted to the under surface
of the mobile valve . displacing the cusps upward befor e the
onset of right ventricular contraction . The systolic excursion
of the valve is thus reduced, and the loudness of the ac-
companying ejection sound diminished.
Mid to late systolic sounds or clicks. Mid to late sys-
tolic sounds , originall y attributed to pericardial adhe sions.
have been known since the latter part of the 19th century
(I ). The physiologic mechanism of these sounds or " clicks"
has yielded to angiog raphic , intracardiac phonocar-
diographic and echocardiographic investigation (21,22) (Fig.
8) . Clicks are ascribed to abrupt tensing of prolapsed mitral
valve leaflets and elongated chordae tendineae , and coincide
with the maximal excursion of one or more leaflets into the
left atrium (23) . Multiple clicks are thought to arise from
asynchronous tensing of different port ions of redundant leaf-
lets , especially the poster ior triscall oped leaflet.
LEFT ATRIUM RIGHT ATRIUM
, "
Second Heart Sound
Physiologic splitting. Respiratory splitting of the sec-
ond heart sound was described by Pota in ( I ), and Leatham
(24) called the second heart sound the ' 'key to auscultation
of the heart ." The first component is designated " aortic"
and the second "pulmonary ." Each component coincides
with the dicrotic incisura of its great arterial pressure pulse .
Inspiratory splitting of the second heart sound is due chiefly
to a delay in the pulmonary component. less to earlier oc-
currence of the aortic. Normal respiratory changes in the
timin g of the pulmonary component are attributed to vari-
ation s in impedance characteristics (capacitance) of the pul-
monary vascular bed and not to an inspiratory increa se in
right ventricular volume (25). As capacitance increases with
inspiration , the pulmonary artery dicrotic incisura moves
away from the descending limb of the right ventricular pres-
sure pulse. thereby delaying the pulmonary component of
the second sound (25). Expiration has the opposite effect.
The earlier timing of aortic valve closure dur ing inspiration
corresponds to a transient reduction in left ventricular vol-
ume in the face of unchanging impedance (capacitance) in
the sys temic vascular bed .
Abnormal splitting. Splitting of the second heart sound
deviates from normal when it is persistentl y single. per-
sistently split (fixed or nonfixed) or reversed (paradoxical)
(I) . Persistent splitting means that the two components move
Figure 8. The first publi shed intracardiac phonocardiogram localizing the
clic ks (e) and late sys to lic murmu rs (M) of the mitral valve prolapse to
the left atr ium . (Reprinted from Ronan lA, Perloff lK , Harvey WP [22],
with permi ssion . )
but rema in audible during both inspiration and exp iration.
A common cause is delay in the pulmonary component
owing to late activation of the right ventricle in complete
right bundle branch block . A persistent split becomes fixed
when the interval between the aortic and pulmonary com-
ponents remains unchanged durin g respiration , an auscul-
tatory hallmark of ostium secundum atrial septal defect.
Both the wide split and the fixed split require expl anation .
In atrial septal defect with low pulmonary vascular resis-
tance. the wide split is due to a delay in the pulm onary
component. The dilated low pressure pulmonary trunk and
its primary and intrapulmonary branches are respon sible for
a considerable decrease in impedance . so that the pulmonary
artery incisura move s away from the right ventricular pres-
sure pulse . Because the pulmonary component of the second
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sound coincides with the incisura, the sound is delayed,
accounting for the wide split (4). Why is the split fixed?
Inspiration is associated with an increase in systemic venous
return to the right ventricle. However, the left to right shunt
diminishes reciprocally so that right ventricular volume does
not change significantly, while left ventricular filling is
maintained or increased by the same amount. Accordingly
the relative durations of right and left ventricular ejection
remain constant and the degree of splitting remains un-
changed. Because the impedance of the pulmonary bed is
already considerably reduced, there is little or no further
reduction during inspiration and little or no inspiratory delay
in the pulmonary component of the second sound (4).
Paradoxical splitting of the second heart sound means
that the sequence of semilunar valve closure is reversed
(24). Expiration finds the second heart sound split with the
pulmonary component preceding the aortic component. During
inspiration the two components fuse because of the normal
delay in the pulmonary component and a somewhat earlier
aortic component. A common mechanism of paradoxical
splitting is delayed activation of the left ventricle. as in
complete left bundle branch block or with right ventricular
paced beats.
Single second sound. The second sound remains single
throughout the respiratory cycle owing either to the absence
of one component or to synchronous occurrence of the two
components. The most common cause of a single second
heart sound is inaudibility of the pulmonary component, as
in older adults with increased anteroposterior chest dimen-
sions. A single second heart sound due to attenuation (in-
audibility) of the aortic component occurs when the aortic
valve is immobile (severe calcific aortic stenosis) or atretic
(aortic atresia), for example. The second heart sound is also
single when the two components remain synchronous during
both inspiration and expiration, implying identical resis-
tances and capacitance in the pulmonary and systemic cir-
culations as in Eisenmenger's complex (4). A loud pul-
monary component of the second heart sound is a feature
of pulmonary hypertension. This is analogous to the in-
creased intensity of the aortic component in systemic
hypertension.
Diastolic Sounds
Early sounds (opening snap). A common, naturally
occurring early diastolic sound is the opening snap of mitral
stenosis. The mechanism of the snap is important. indi-
cating a mobile anterior leaflet (l). A corollary to this ob-
servation is an absent snap when anterior leaflet mobility is
prevented by dense calcification. A short interval between
the aortic component of the second heart sound and the
opening snap (A2-OS interval) implies a high left atrial
pressure and tight mitral stenosis. The converse, however,
is not necessarily the case. In older subjects or in the pres-
ence of systemic hypertension, severe mitral stenosis can
occure without a short ArOS interval because left ventric-
ular systolic pressure takes longer to fall below left atrial
pressure (higher left ventricular systolic pressure in systemic
hypertension, more prolonged rate of fall of the left ven-
tricular pressure pulse in older subjects). In mitral stenosis
with atrial fibrillation. the ArOS interval varies inversely
with cycle length, because (all else being equal) the higher
the left atrial pressure (short cycle length) the earlier the
stenotic valve opens and vice versa. Early diastolic sounds
occur in constrictive pericarditis and occasionally in pure
severe mitral regurgitation. These are merely rapid filling
sounds that are early and relatively loud because a high
pressure atrium decompresses rapidly across an unob-
structed atrioventricular valve into a recipient ventricle, with
reduced compliance.
Third and fourth sounds. Mid-diastolic sounds are, for
all practical purposes, normal or abnormal third heart sounds.
and the most common late diastolic or presystolic sound is
the fourth heart sound. During sinus rhythm, each ventricle
receives blood during two diastolic filling periods. The first
of these periods occurs when ventricular pressure decreases
sufficiently to allow the atrioventricular valve to open pas-
sively. This part of the cardiac cycle-the "passive filling
phase" - coincides with the Y descent of the atrial pressure
pulse. The sound generated during this phase is called the
third heart sound. The second diastolic filling period occurs
when atrial contraction actively delivers presystolic flow
into a ventricle. This part of the cardiac cycle is called the
"active filling phase" (atrial transport). The sound gener-
ated during this phase is called the fourth heart sound. It is
worth emphasizing that the fourth heart sound-like the
third heart sound--occurs within the recipient ventricle when
that chamber receives blood, not within the contracting atrium.
Potain (I) understood this point when he stated, "This sound
results from the abruptness with which the dilatation of the
ventricle takes place during the pre-systolic period, a period
which corresponds to the contraction of the auricle."
Two factors are principally responsible for the majority
ofabnormal third heart sounds. The first is altered physical
properties of the recipient ventricle as in ventricular failure.
The second is an increase in the rate and volume of atrio-
ventricular flow during the passive filling phase of the car-
diac cycle. Mitral regurgitation is an example.
The atrial contribution to ventricular filling in the normal
heart is relatively unimportant, and fourth heart sounds
seldom occur. Conversely, fourth heart sounds are expected
when an increased force of atrial contraction is required to
produce presystolic distension of a ventricle-increased end-
diastolic segment length-so that the ventricle can contract
with greater force, as in aortic stenosis or systemic hyper-
tension in the left heart or pulmonary stenosis or pulmonary
hypertension in the right heart. Fourth heart sounds are
common in ischemic heart disease and almost universal
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dur ing acute cardiac infarction, since the atrial " booster
pump " is needed to assist the relatively stiff ischemic ven-
tricle in maintaining adequate contractile force.
Because two diastolic filling periods are feature s of the
cardiac cyc le on both sides of the heart , it follows that third
and fourth heart sounds originate in either the left or the
right ventricle. Respiration has the effec t of selectively aug-
mentin g or produ cing right ventricular third or fourth heart
sounds . An inspiratory increase in passive right ventricular
filling increases the loudness of the third heart sound. in-
spiratory augmentation of right atrial filling increases the
contractile force of the right atrium, increases atrial transport
and increases the loudne ss of right ventricular fourth heart
sounds.
Systolic Murmurs
Mid-systolic murmurs. There are three basic categories
of murmurs- systolic, diastolic and continuous ( I). Systolic
murmurs are classified as "mid-systolic, holosystolic, early
systolic or late systolic" according to their time of onset
and termination . The five chief settings in which mid-sys-
tolic murmurs occur are: 1) some forms of mitral regurgi-
tation , especiall y " papillary muscle dysfunction ," 2) ac-
celerated ejection into the great arter ies, 3) dilatat ion of the
aortic root or pulmonary trunk, 4) morphologic changes in
the semilunar valves or their lines of attachment without
obstruction , and 5) obstruct ion to ventricular outflow. The
physiologic mechanisms responsible for the mid-systolic
murmur of papillary muscle dysfunction relate to early sys-
tolic competence of the valve and mid-systolic incompe-
tence followed by a late systolic decre ase in regurg itant flow.
The physiologic mechanisms of outflow mid-systolic mur-
murs reflect the patterns of phasic flow across the left or
right ventricular outflow tract as originally described by
Leatham (Fig . 9) (26). Following the first heart sound (iso-
volumetric contraction), ventricular pressure must increa se
sufficiently to open the relevant semilunar valve (aortic or
pulmonary). It is then that ejection commences and the
murmur begins. As ejection proceeds, the murmur increases
(crescendo): as ejection declin es the murmur declines (de-
crescendo) . Forward flow then ceases-and the murmur
ends-ventricular pressure drops below central arterial pres-
sure, closure of the aortic or pulmonary valves occurs and
the aortic or pulmonary components of the second heart
sound are generated.
Holosystolic murmurs. Holosystolic murmur s are gen-
erated by flow from a chamber or vessel having pressure or
resistance throughout systole that is higher than the pressure
or resistance of the chamber or vessel receiving the flow.
Prototypical holosystolic murmurs are caused in the left side
of the heart by mitral regurg itation (27,28). in the right side
of the heart by high pressure tricuspid regurgitation and
betwe en the ventricles by ventricular septal defects . The
timing of holosystol ic murmurs as established by the first
and second heart sounds reflects the physiologic and ana-
tom ic mechanisms responsible for their production (Fig. 9) .
Left ventricular pressure excee ds left atrial pressure at the
very onset of systole: thus in some forms of mitral incom-
petence , regurgitant flow and murmurs commence with the
first heart sound. The murmu r persists up to or slightly
beyond the aortic component of the second heart sound,
provided that the mitral valve remains incompetent and that
the left ventricular pressure at end-systole exceeds left atrial
pressure. It is important to underscore that the murmur of
mitral regurgitation is not always holosystolic , but can be
mid-systolic (see earlier), early systolic or late systolic (see
later).
The holosystolic murmur of high pressure tricuspid re-
gurgitation (elevated right ventricular systolic pressure) oc-
curs for reasons analogous to those just described for the
v
VENT~
ATRIUM
v~
Figure 9. (a ) Schemat ic illustratio n of the physio logic mech-
anism of an outflow mid-systolic murmur generated by phasic
flow (ejection) into aortic root or pulmonary trunk. Ventricu lar
(V) and great arteria l (GA) pressure pulses are shown with
schematic phonocardiogram. (b) Schematic illustratio n of a
great arteria l (GAl , ventr icul ar (VENT ) and atria l pressure
pulse together with pho nocard iog ram. illustrating the phys i-
ologic mechanism of holosystolic murmurs heard in some
forms of mitral and tricuspid regurgitation. (Reprinted from
Perloff [II, with permissio n, and with permissio n from Perloff
JK . Cardiac auscultation . In: Dowling HF. ed . DISEASE· A·
MONTH . Chicago: Year Book Medica l. 1980 .)
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holosystolic murmur of mitral regurgitation. However, an
inspiratory increase in loudness (Carvallo's sign) is a feature
of recognized diagnostic importance (1). Amplification oc-
curs because the inspiratory increase in right ventricular
volume is converted to increases in stroke volume and ve-
locity of regurgitant flow. When the right ventricle fails,
this capacity is lost and Carvallo's sign vanishes.
Early systolic murmurs. These begin with the first heart
sound, diminish in decrescendo and end well before the
subsequent second sound, generally at or before mid-systole.
Such murmurs are associated with certain types of mitral
regurgitation, tricuspid regurgitation or ventricular septal
defect.
Acute severe mitral regurgitation is typically accom-
panied by an early systolic murmur or a holosystolic de-
crescendo murmur diminishing, if not ending, before the
second heart sound (Fig. 10) (29,30). This timing and con-
figuration occur because acute regurgitation into a normal-
sized and, therefore, relatively nondistensible left atrium
produces a large V wave that approaches left ventricular
pressure in latter systole; a late systolic decline in left ven-
tricular pressure favors this tendency. Accordingly, regur-
gitant flow is maximal in early systole and minimal in latter
systole. The murmur parallels this pattern, declining or van-
ishing before the second heart sound (Fig. 10).
2 Lies
An early systolic murmur is also a feature of ' 'low pres-
sure" tricuspid regurgitation, that is, with normal right
ventricular systolic pressure (31). Tricuspid infective en-
docarditis due to drug abuse is an example. The mechanism
responsible for the timing and configuration of this murmur
is analogous to that of acute severe mitral regurgitation. Tall
right atrial V waves readily reach the level of normal right
ventricular pressure in latter systole, so regurgitation and
murmur are chiefly, if not exclusively, early systolic. Such
murmurs are usually of medium to low frequency because
nonnal right ventricular systolic pressure results in a com-
paratively low rate of regurgitant flow.
Late systolic murmur. This is a hallmark of mitral valve
prolapse (21-23). Typically, the leaflets are competent dur-
ing early ventricular contraction. However, in late systole,
mitral regurgitation occurs because prolapse is sufficient to
disrupt leaflet apposition (Fig. 8).
Diastolic Murmurs
Early diastolic murmurs. Diastolic murmurs are clas-
sified as early diastolic, mid-diastolic or late diastolic (pre-
systolic) according to their time of onset (1). An early di-
astolic munnur starts with the aortic or pulmonary component
of the second heart sound, depending on its side of origin.
a
LV-_..l
LA
-~!----
SM
b
Figure 10. (3) Phonocardiogram showing
an early systolic. decrescendo murmur (SM)
in a patient with acute severe mitral regur-
gitation. A and P are, respectively. aortic
and pulmonary components of the second
heart sound; 2UeS second left intercostal
space. (b) Marked regurgitant flow into a
relatively small left atrium generates a very
tall left atrial (LA) V wave that almost
reaches the declining left ventricular (LV)
pressure at end-systole. Accordingly, the
regurgitant flow and murmur decline in lat-
ter systole.
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on. "I wish to plead for the admission among the recognized
auscultatory signs of disease of a murmur due to pulmonary
regurgitation, such regurgitation occurring independently of
disease or deformity of the valves, and as a result of long-
continued excess of blood pressure in the pulmonary artery
.... When the second sound is reduplicated, the murmur
proceeds from its latter part.... " The Graham Steell mur-
mur begins with the loud pulmonary component of the sec-
ond heart sound since the elevated pressure exerted on the
incompetent pulmonary valve begins at the moment that
right ventricular pressure drops below the pressure in the
pulmonary trunk. The high diastolic pressure causes a high
velocity regurgitant flow and a high frequency murmur.
Mid-diastolic murmurs, These murmurs typically oc-
cur across mitral or tricuspid valves (atrioventricular valve
obstruction or abnormal patterns of atrioventricular flow),
or across an incompetent pulmonary valve in the presence
of normal pulmonary arterial pressure. The mid-diastolic
murmur of mitral stenosis characteristically begins after the
opening snap (33). Because the murmur originates within
the cavity of the left ventricle, transmission to the chest
wall is maximal at the site where the left ventricular impulse
is palpated (see earlier). The duration of the mid-diastolic
murmur in atrial fibrillation is a useful sign of the degree
of obstruction, since a murmur that lasts up to the first heart
sound implies a persistent gradient at the end of diastole
(33).
Figure 12. Line drawings taken from actual pressure pulse tracings and
phonocardiograms in congenital pulmonary valve regurgitation (a) and
hypertensive pulmonary regurgitation (b). OM = diastolic murmur; PA
= pulmonary artery: RV = right ventricle. (Reprinted from Perloff JK
[4], with permission.)
ECG
•
)>-----<!5~fIj>-=:=--L ECHO
PML
Figure 11. Schematic representation to the hemodynamic. echocar-
diographic (ECHO). and phonocardiographic (PCG) manifestations of acute
severe aortic regurgitation. Left atrial (LA) pressure exceeds left ventricular
(LV) pressure at end-diastole, shortening the murmur and prematurely
closing the mitral valve (C in echocardiogram) so the first heart sound (S,)
is soft. (f is flutter on the anterior mitral leaflet [AML]). Ao = aortic
pressure; ECG = electrocardiogram; EOP = end-diastolic ventricular
pressure; PML = posterior mitral leaflet. (Modified from Morganroth J.
Perloff JK, Zeldis SM, Dunkman WB [32]. with permission.)
The prototypical early diastolic murmur originating in the
left side of the heart is valvular aortic regurgitation. The
murmur begins with the aortic component of the second
heart sound, that is, as soon as left ventricular systolic
pressure falls below aortic root pressure. The murmur is
generally decrescendo, mirroring the progressive decrease
in volume and rate of regurgitant flow during the course of
diastole. The high velocity of regurgitation generates a high
frequency murmur. The murmur of acute severe aortic re-
gurgitation (bicuspid aortic valve infective endocarditis, dis-
secting aneurysm) differs importantly from chronic severe
aortic regurgitation as described (32). The length (duration)
of the murmur is relatively short because of early equili-
bration of aortic diastolic pressure with the steeply rising
diastolic pressure in the physiologically "unprepared" left
ventricle (Fig. 11). The pitch or frequency of the murmur
is generally not high because the velocity of regurgitant flow
is less rapid than in chronic severe aortic regurgitation (32).
The prototypical early diastolic murmur in the right side
of the heart is generated by pulmonary regurgitation due
to pulmonary hypertension (Fig. 12). The description of the
mechanism by Graham Steell in 1888 cannot be improved
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Mid-diastolic murmurs also occur across normal atrio-
ventricular valves in the presence ofaugmented volume and
velocity of flow (across the mitral valve in patients with
ventricular septal defect, patent ductus arteriosus [4), or pure
mitral regurgitation [27], for example, and across the tri-
cuspid valve in ostium secundum atrial septal defect [4] or
tricu spid regurgitation). These mid-diastolic murmurs tend
to occur with a large shunt or appreciable atrioventricular
valve incompetence and are believed to result from ante-
grade flow across a valve that is closing rapidly because
of simultaneous filling of the rec ipient ventricle (34 ,35) .
The mid-diastolic murmur of "low pressure" pulmonary
regurgitation (without pulmonary hypertension) occurs when
there is a congenital deficiency of leaflet tissue or an ac-
quired defect in valve structure (infective endocarditis or
surgical repair of an obstructed right ventricular outflow
tract) . A low diastolic pressure in the pulmonary trunk re-
sults in a low rate of regurgitant flow so that the murmur
is low to medium pitched. The timing can be understood
when simultaneous pulmonary artery and right ventricular
pressure pulses are examined (Fig . 12) (4) . The onset of
the murmur is delayed because regurgitant flow is minimal
at the time of the pulmonary component of the second sound
since the diastolic pres sure exerted on the incompetent valve
at that instant is negligible. Regurgitation then accelerates
as the right ventricular pre ssure dips below the diastolic
pressure in the pulmonary trunk, and at this point the mur-
mur reaches its maximum (Fig . 12). Equilibration of pul-
monary artery and right ventricular pressures in latter di-
astole eliminates regurgitant flow and abolishes the murmur
before the next first heart sound occurs. Thus, the murmur
of low pressure pulmonary regurgitation-in contrast to the
Grah am Steell murmur-is mid-diastolic and medium in
frequency.
Late diastolic or presystolic murmurs. These mur-
murs occur during the period of active ventricular filling
after atrial contraction. At normal heart rates , the murmurs
are presystolic and imply sinus rhythm . The y originate either
at the mitral or tricuspid valve orifice, usually as a result
of obstruction, but occasionally because of abnormal pat-
terns of pres ystolic atrioventricular flow.
The most representati ve presystolic murmur accompan-
ies mitral stenosis in sinus rhythm because atrioventricular
flow is augumented by atrial systo le (33) . However, a sig-
nificant cau se of the presystolic crescend o is contraction of
the left ventricle in the presence of end-diastolic flow acros s
the stenotic mitral valve; therefore, such a murmur can be
heard in atrial fibrillation, especially during short cycle lengths
(36) . In tricu spid stenosis with sinus rhythm the presystolic
murmur characteristically occurs with absent or trivial mid-
dia stolic vibrat ions ( I I ). The presystol ic timing corresponds
with maximal antegrade flow and gradient , which may be
negligible until the moment of right atrial contraction (Fig.
13). The most valuable auscultatory sign of tricuspid ste-
Figure 13. Upper tracings, right atrial (RAj and right ventricular (RV )
pressure pulse tracings in a patient with rheumatic tricuspid steno sis. Dur-
ing inspiration (lNSPIR.. left ) the gradient increases as right ventricular
diastolic pressure falls and right atria l pressure rises. Lower tracings, the
presystolic murmur (PSM ) selectively increases during inspiration and
decreases dur ing expiration. in parallel with the gradient. EXPIR = ex-
piration: LSE = left sternal edge : OS = opening snap: S, and S, = first
and second heart sounds .
nosis during sinus rhythm is the effect of respiration on the
loudness of the presystolic murmur. During inspiration, right
atrial volume increases, provoking an increase in right atrial
contractile force while right ventricular end-diastolic pres -
sure falls (II). The result is a larger gradient. a more rapid
velocity of flow and an increase in the intensity of the
presystol ic murmur (Fig . 13).
The presystolic Austin Flint murmur was described in
1862, and the mechanism propo sed by Flint was astonish-
ingly perceptive (34,37.38). "That the mitral curtains are
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floated out and brought into apposition to each other by
simply distending the ventricular cavity with liquid is a fact
sufficiently established and easily verified. Now in cases of
considerable aortic insufficiency, the left ventricle is rapidly
filled with blood flowing back from the aorta as well as
from the auricle before the auricular contraction takes place.
The distension of the ventricle is such that the mitral curtains
are brought into coaptation, and when the auricular con-
traction takes place the mitral direct current passing between
the curtains throws them into vibration and gives rise to the
characteristic blubbering murmur." (37).
Continuous Murmurs
The term "continuous" is best applied to murmurs that
begin in systole and continue without interruption through
the second heart sound into all or part of diastole (I). Con-
tinuous murmurs occur when blood flows from systole into
diastole without phasic interruption from a higher to a lower
pressure or resistance zone. Such murmurs are chiefly due
to: I) aorta to pulmonary connections, 2) arteriovenous con-
nections, 3) disturbances of flow patterns in arteries, and
4) disturbances of flow patterns in veins (l). The aortico-
pulmonary continuous murmur that first comes to mind is
the typical murmur of patent ductus arteriosus. In 1847 (53
years before Gibson's classic paper [39]), Williams (40)
described "a murmur accompanying the first sound of the
heart ... prolonged into the second so there is no inter-
ruption of the murmur before the second sound has already
commenced. " Continuous murmurs occasionally are due to
disturbances of flow patterus in constricted systemic or pul-
monary arteries when a significant continuous difference in
pressure exists between the two sides of the narrowed seg-
ment. A common example is critical obstruction of a large
brachiocephalic or iliofemoral artery in patients with ath-
erosclerotic peripheral vascular disease. It is well to re-
member that arterial continuous murmurs, especially those
arising in constricted arteries, are characteristically louder
in systole. Disturbances of flow patterns in nonconstricted
arteries sometimes produce continuous murmurs as with the
systemic arterial collateral circulation found in certain types
of cyanotic congenital heart disease (pulmonary atresia with
ventricular septal defect, for example).
Physical Maneuvers in Auscultation
Physical maneuvers have assumed increasing importance in
modem cardiac auscultation. An understanding of the phys-
iologic mechanisms by which they exert their influence is,
therefore, important. Some examples have already been
mentioned; a few more suffice. I shall not deal with phar-
macologic interventions because, by and large, they are of
less practical importance routinely at the bedside.
Respiratory maneuvers. Normal breathing or exagger-
ated excursions are necessary for analysis of the splitting
of the second heart sound, right ventricular third and fourth
heart sounds, tricuspid systolic (41) and diastolic murmurs
and pulmonary ejection sounds (see earlier). In many re-
spects, the Valsalva maneuver is an exaggeration of expi-
ration and inspiration. For example, straining results in fu-
sion of the two components of the second heart sound,
followed by exaggerated splitting immediately after release.
Changes in posture. A number of changes in position
are important in cardiac auscultation. For example, light
pressure of the bell of the stethoscope applied to the left
ventricular impulse just after a patient turns into the left
lateral decubitus position (and increases the cardiac rate)
improves audibility of the mid-diastolic and presystolic mur-
murs of mitral stenosis. Vigorous repetitive cough is another
maneuver applied in this context. In mitral valve prolapse,
physical maneuvers that diminish left ventricular volume
(prompt standing after squatting and Valsalva's maneuver,
for example) not only increase the degree of prolapse and
enhance the audibility of a murmur, but also result in earlier
prolapse, earlier clicks and a murmur of earlier onset (23).
Conversely, physical maneuvers that increase left ventric-
ular volume (squatting and sustained handgrip, for example)
have the opposite effects. In hypertrophic obstructive car-
diomyopathy, the decrease in left ventricular volume during
straining exaggerates the left ventricular-aortic gradient and
the systolic murmur, while release of the Valsalva maneuver
has the opposite effect. Squatting, by increasing resistance
to left ventricular discharge, increases the intensity of the
diastolic murmur of aortic regurgitation and of most mur-
murs of mitral regurgitation.
Exercise. Both isotonic and isometric exercise serve useful
purposes as physical interventions. Isotonic exercise, by
increasing the heart rate and the volume and rate of flow,
improves audibility of third heart sounds, outflow systolic
murmurs (aortic or pulmonary) or inflow diastolic murmurs
(mitral or tricuspid). Isometric exercise (best achieved by
sustained handgrip) provokes an increase in resistance to
left ventricular discharge (due to an increase in systemic
vascular resistance and arterial pressure). Left ventricular
fourth heart sounds are reinforced and the soft murmur of
aortic regurgitation becomes louder. Mitral prolapse lessens
and the click or clicks and murmur are later, but the murmur
may become louder as in other forms of mitral regurgitation.
In hypertrophic obstructive cardiomyopathy the gradient and
murmur lessen in response to handgrip which increases re-
sistance to left ventricular discharge and increases left ven-
tricular volume.
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